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Available online 30 January 2016Despite being one of themost important oil producing provinces in the United States, information on basinal hy-
drogeology and ﬂuidﬂow in the Permian Basin of Texas andNewMexico is lacking. The source and geochemistry
of brines from the basinwere investigated (Ordovician- to Guadalupian-age reservoirs) by combining previously
published data from conventional reservoirs with geochemical results for 39 new produced water samples, with
a focus on those from shales. Salinity of theCa–Cl-type brines in the basin generally increaseswith depth reaching
a maximum in Devonian (median = 154 g/L) reservoirs, followed by decreases in salinity in the Silurian (medi-
an= 77 g/L) and Ordovician (median= 70 g/L) reservoirs. Isotopic data for B, O, H, and Sr and ion chemistry in-
dicate three major types of water. Lower salinity ﬂuids (b70 g/L) of meteoric origin in the middle and upper
Permian hydrocarbon reservoirs (1.2–2.5 km depth; Guadalupian and Leonardian age) likely representmeteoric
waters that inﬁltrated through and dissolved halite and anhydrite in the overlying evaporite layer. Saline
(N100 g/L), isotopically heavy (O and H) water in Leonardian [Permian] to Pennsylvanian reservoirs (2–3.2 km
depth) is evaporated, Late Permian seawater. Water from the Permian Wolfcamp and Pennsylvanian “Cline”
shales, which are isotopically similar but lower in salinity and enriched in alkalis, appear to have developed
their composition due to post-illitization diffusion into the shales. Samples from the “Cline” shale are further
enriched with NH4, Br, I and isotopically light B, sourced from the breakdown of marine kerogen in the unit.
Lower salinity waters (b100 g/L) in Devonian and deeper reservoirs (N3 kmdepth), which plot near themodern
local meteoric water line, are distinct from the water in overlying reservoirs. We propose that these deep mete-
oric waters are part of a newly identiﬁed hydrogeologic unit: the Deep BasinMeteoric Aquifer System. Chemical,
isotopic, and pressure data suggest that despite over-pressuring in theWolfcamp shale, there is little potential for
vertical ﬂuid migration to the surface environment via natural conduits.
Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Produced water
Shale oil
Tight oil
Isotope geochemistry
Permian Basin1. Introduction
The Permian Basin of Texas and NewMexico is the most productive
tight oil province in the United States, which at the time of writing this
paper generates more than 2 million barrels of oil per day (U.S. Energy
Information Administration, 2016). Geologic studies of the basin are nu-
merous, given its long history in oil and gas production (Frenzel et al.,
1988; Galley, 1958; Ward et al., 1986), and recent efforts have been ini-
tiated to better understand the nature of the source rocks (Cortez, 2012;6 National Center, Reston, VA
ss article under the CC BY license (htHamlin and Baumgardner, 2012; Sinclair, 2007). Despite the hundreds
of geologic and petroleum resource investigations completed over
the last ~80 years, studies of formation brines from the basin are sparse
and primarily focused along the northern tier of the Permian Basin
(Dutton, 1987; Eastoe et al., 1999; Herczeg et al., 1988; Lambert,
1992; Stein and Krumhansl, 1988), in an effort to investigate ﬂuid
movement near potential nuclear waste storage sites. The lack of inves-
tigation of formation brines in the basin is at least partly due to the long
history andwide-spread use of water-ﬂooding and CO2 injection for en-
hanced recovery (Melzer, 2013), which can impact the chemistry and
interpretation of formationwaters (Engle and Blondes, 2014). Chemical
data for produced water from recently developed mudrock and shale
reservoirs in the Permian Basin are absent from published literature.tp://creativecommons.org/licenses/by/4.0/).
77M.A. Engle et al. / Chemical Geology 425 (2016) 76–92Given concerns over potential impacts from unconventional oil and gas
development, ranging from toxicological effects from exposure to acci-
dental releases of produced ﬂuids into the environment to potentialmi-
gration of injected ﬂuids into shallow groundwater system (Vengosh
et al., 2014; Vidic et al., 2013), understanding the composition of pro-
duced waters from shale reservoirs is critical (Chapman et al., 2012;
Rowan et al., 2015). Moreover, investigations of reservoir pressure
data (Luo et al., 1994), an important proxy for potential vertical ﬂuidFig. 1.Map of the Permian Basin showing major basin structures, the extent of the study area,
offset to minimize symbol overlap. Blue line shows the approximate locations of the geologic c
producing from multiple reservoirs.migration, are scarce and spatially limited to small areas of Delaware
Basin, a sub-basin of the Permian (Fig. 1).
To provide a better hydrogeologic understanding of the Permian
Basin, particularly the origin, nature, and potential ﬂowpaths of ﬂuids
from shale reservoirs, this paper investigates the geochemistry of forma-
tion brines, with particular focus on δ18O, δ2H, 87Sr/86Sr and δ11B data,
from two of the most productive shale reservoirs of the basin, the
Wolfcamp and “Cline” shales, as well as adjacent reservoirs. To betterlocations of samples containing isotopic data, and the pressure study area. Well locations
ross-section in Fig. 3. Base map modiﬁed from Dutton et al. (2005). Multiple Res. = well
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injected for fracture stimulation, the study utilizes data from wells
which have been in production for months or years, such that most of
the injected ﬂuid has been removed during production or imbibed into
the reservoir (Rowan et al., 2015). A subset of the samples from the
Wolfcamp and “Cline” shales, collected as part of this investigation,
were analyzed for organic compounds and are discussed elsewhere
(Khan et al., 2016). Additional focus in this study is given to reservoir
pressure data through the Paleozoic section at the center of the Midland
Basin (Fig. 2) as a means to examine vertical ﬂuid ﬂow potential. Linked
reservoir pressure and geochemical data are useful for both understand-
ing potential for environmental impacts from development of tight oil
reservoirs as well as placing constraints on basinal hydrogeology and
the history of ﬂuid ﬂow.
2. Geology and produced waters of the Permian Basin
The present-day Permian Basin covers an area of roughly
190,000 km2 and comprises two sub-basins, the Delaware Basin to the
west and the Midland Basin to the east, separated by the Central Basin
Platform (Fig. 1). It was preceded by the Tobosa Basin (Fig. 3), an interi-
or subsidence basin in a passive margin setting which existed from the
Precambrian into the early Mississippian (Frenzel et al., 1988).Fig. 2.Generalized stratigraphy of the Paleozoic Era of the Central Basin Platform andMidland B
isotopic data for produced water samples. 1Hydrogeologic units of Bassett and Bentley (1982).Lithologically, strata deposited during that period consist of shallow-
water carbonates and sandstones capped with the organic-rich
Woodford Shale in the Late Devonian. Collision of North America and
South America, starting in the Late Mississippian and Early Pennsylva-
nian, led to differential subsidence behind the southwest–northeast
trending Marathon–Ouachita fold belt, creating the primary features
of the Permian Basin (Fig. 3), including the Delaware Basin, theMidland
Basins and the Central Basin Platform (Miall, 2008). During the Pennsyl-
vanian and Early Permian, carbonates were deposited onto the shelves
(e.g., Northwest Shelf, Eastern Shelf, and Central Basin Platform) with
ﬁne-grained materials settling in the basin centers. Starting in the Late
Guadalupian, there was a transition to redbed sandstone deposition
and eventually evaporite formation into the Ochoan, including halite
and anhydrite, on the Central Basin Platform, Northwest Shelf, Eastern
Shelf and within the Midland Basin (Ward et al., 1986). Thus the se-
quence of Permian-age rocks in the basin, which exceeds 3000 m in
areas (Fig. 4), transitions from carbonates and shale to siliciclastic sand-
stones and ﬁnally evaporite sequences. During the Triassic, the region
shifted to a closed continental basin, receivingﬂuvial and lacustrine sed-
iments, laying down a relatively thin layer of siliciclastics.
Several source rocks are present in the Permian Basin, including the
Woodford, Barnett, Wolfcamp, “Cline”, Dean, and Spraberry units
(Fig. 2). The organic- and clay-rich layerswithin the Upper Pennsylvanianasin,modiﬁed fromDutton et al. (2005). Isotopic data column indicates geologic units with
2Suggested revision based on ﬁndings from this paper.
Fig. 3. Relative timing of events related to sedimentation, tectonic events, hydrogeology, water–rock interaction, and hydrocarbon evolution in the Permian Basin. Sedimentation, tectonic
events, and hydrocarbon related events taken from literature cited in Section 2.
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and Lower units) and throughout theWolfcampian rocks (Upper,Middle,
and Lower Wolfcamp shale), are considered some of the most proliﬁcFig. 4. Generalized geologic cross-section of the Pe
Modiﬁed from Matchus and Jones (1984).source rocks of the basin (Dutton et al., 2005) and a large contributor to
recent tight oil production. Wolfcampian and Pennsylvanian strata, in-
cluding theWolfcamp and “Cline” shales, thicken to the southeast towardrmian Basin along the transect shown in Fig. 1.
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2012). Results from modeling of the Delaware Basin (Sinclair, 2007),
suggest that maximum hydrocarbon generation in the deeper shales
(e.g., Barnett and Woodford) occurred during the Permian, while the
Wolfcamp shale achieved maximum hydrocarbon generation during the
Late Cretaceous (Fig. 3). Along the edges of the Midland Basin, these
units consist of platform carbonateswith siliciclastics and detrital carbon-
ate ﬁlling the basin center (Dutton et al., 2005). Lithologically,
Wolfcampian and Pennsylvanian mudrocks are categorized as either cal-
careous mudrocks or non-calcareous mudrocks, depending on the rela-
tive contribution of carbonate minerals versus silt (Hamlin and
Baumgardner, 2012). Mineralogically, the mudrocks contain quartz,
feldspars, calcite, dolomite, clays (illite, smectite, chlorite and kaolinite),
and less commonly pyrite and phosphate nodules (Hamlin and
Baumgardner, 2012). Clays in the Wolfcampian mudrocks appear more
diagenetically mature, showing substantial smectite to illite conversion
(often N70% illite with R3 ordering) and higher abundances of secondary
products of diagenesis (i.e., Fe-rich carbonate minerals, silica, and mixed
illite–chlorite clays), than the R0 and R1 type mixed-layer clays in
Pennsylvanian-age (Atokan) source rocks (Sivalingam, 1990). The avail-
ability of K in the reservoirs appears to be the primary reason that
shallower Wolfcamp shale reservoirs have experienced a higher degree
of diagenesis than the deeper, K-poor Pennsylvanian age shales
(Sivalingam, 1990).
Previous authors studying formation brines in the area (Bassett and
Bentley, 1982), primarily along the northern reaches of the Permian
Basin and into the Palo Duro Basin, divided the Paleozoic strata into two
hydrogeologic units (Fig. 2): 1) an Evaporite Conﬁning System composed
of halite, gypsum, and other evaporite minerals in the Ochoan and sand-
stone, anhydrite, and dolomite of the Guadalupian; 2) and the underlying
Deep Basin Brine Aquifer System of alternating carbonates and shale,
comprising all older water-bearing units. Several authors have pointed
to meteoric water entering the Deep Basin Brine Aquifer System along
structures in the western margins of the Permian Basin, increasing in sa-
linity through the dissolution of evaporite minerals, and displacing older
evaporated paleoseawater derived brines in piston-style ﬂow (Barnaby
et al., 2004; Bein and Dutton, 1993; Lambert, 1992; Stueber et al., 1998).
However, more recent investigations of produced waters from
Guadalupian reservoirs of the Delaware Basin and Central Basin Platform
suggests that meteoric-derived brines are more limited in geographic ex-
tent than previously thought (Engle and Blondes, 2014).
Sinclair (2007) suggests that maximum burial of sediments in the
Permian Basin occurred during the Early Eocene and was followed by
uplift during the Laramide Orogeny (55–50 Ma) and Basin and Range
extension (25–10 Ma). These two events removed an estimated
~1200mand ~1100mof sediment, respectively, from the basin. Studies
from the adjacent Palo Duro Basin suggest that associated uplift and
tilting created under-pressuring in portions of the Deep Basin Brine
Aquifer System, due to low vertical hydraulic conductivity in the thick
evaporite layers, and eastward groundwater ﬂow (Senger et al., 1987).
Although over-pressuring has been observed in some reservoirs of the
Delaware Basin (Hansom and Lee, 2005; Luo et al., 1994), under-
pressuring in much of the Deep Basin Brine Aquifer System is inferred
(Hunt, 1990). Thus, our conceptual model for present-day ﬂuid ﬂow in
the study area is slow, but net downward ﬂux of meteoric water from
Cenozoic and Mesozoic aquifers, through the Evaporite Conﬁning Sys-
tem, and into the underlying Deep Basin Brine Aquifer System, with
west-to-east horizontal ﬂow across the basin (Bein and Dutton, 1993).
3. Methods
A total of 39 (plus additional Quality Assurance/Quality Control sam-
ples) produced water samples were collected in the study area (Fig. 1)
from reservoirs of Leonardian to Silurian age (Fig. 2). To better represent
formation waters, rather than ﬂuids injected for fracture stimulation,
sampling was limited to wells that had been in production for morethan30days (median valuewas 160dayspost-production andmaximum
value was almost 2.5 years post-production). In addition, sampling was
avoided in areas of current or historicalwaterﬂoodingor enhanced-oil re-
covery activities.With the exception of twomultiple-well stock tank sam-
ples (14-TX-39B and 14-TX-40B), all samples were either collected from
the production string at the pumpjack or from a separator, both of
which are closed off from the atmosphere. Samples were collected in col-
lapsible 2.5 gal carboys (Cubitainers), and processed in a manner similar
to that of Kharaka et al. (1987). The carboys were inverted to allow
water to settle to the bottom, below the oil and gas fractions. Water
was removed through a spigot at the base of the carboy that ﬂowed
through silicone tubing to a ﬁlter assembly. The ﬂow of water was con-
trolled by a peristaltic pump (GeoPump2). The closed, collapsible nature
of the carboy allowed for the water to be removed without exposing
the samples to air. The spigot and tubing were pre-cleaned with 5%
trace-metal grade nitric acid. For ﬁeld parameters, a PFTE ﬁlter cartridge
containing glass wool was used to remove residual oil. For ionic and or-
ganic samples, the glass wool ﬁlter was removed and replaced with a
0.45 μm capsule ﬁlter (Geotech). The carboy, silicone tubing, glass wool,
and capsule ﬁlter were disposed of after each sample.
Both ﬁeld parameters and laboratory measurements of brines require
specialmethods to account for high salinity. A toroidal sensor (Omega En-
gineeringModel CDTX-45T1), which can handle the range of high salinity
samples and is not fouled byhydrocarbons or other compounds,was used
tomeasure speciﬁc conductance (calibrated using a 200mS/cm solution).
An empirical temperature correction factor of 1.91%/°C, determined
through laboratory measurements on one of the samples over a range
of 10 °C to 40 °C,was applied to each ﬁeldmeasurement. Because high sa-
linity samples exhibit a different reference voltage than conventional pH
buffers used to calibrate the instrument (Marcus, 1989), the buffers
were mixed with ~85 g NaCl/L to approximate the salinity and composi-
tion of the samples. As the addition of salt to the buffers affects their pH,
by changing the activity of hydrogen ions, a Pitzer-based geochemical
model was used to determine the ﬁnal pH of the fortiﬁed pH buffers (at
25 °C the 4.01 buffer became 3.99, the 7.00 buffer became 6.91, and the
10.0 buffer became 9.83). This method, modiﬁed from Nir et al. (2014),
corrects for both differences in the activity coefﬁcient and reference volt-
age in pH meters in high salinity waters. A double-junction electrode
(Thermo Scientiﬁc Model ROSS 8165BNWP) was utilized to measure pH
in theﬁeld, in an attempt tominimize potential of fouling of the reference
electrode by sulﬁde. Both the pH and speciﬁc conductance unitswere cal-
ibrated daily and after each sampling event; no noticeable drifts were ob-
served. Lastly, speciﬁc gravity was measured in the ﬁeld using graduated
hydrometers, following ASTMMethod D1429-D.
Three aliquots were collected for each sample: 1) ﬁltered and acidi-
ﬁed (N2% distilled HNO3) for cations, I−, δ11B, and 87Sr/86Sr analyses;
2)ﬁltered samples for anions and total dissolved solids (TDS); and3)ﬁl-
tered samples in a glass, amber bottle for alkalinity, dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC), and isotopes of oxygen
(δ18O) and hydrogen (δ2H) in water. Cations and metals were analyzed
via inductively coupled plasma-optical emission spectrometer (ICP-
OES), iodide by ion speciﬁc electrode (ASTM D3869—Method C), alka-
linity by gran titration, and TDS by evaporation at 180 °C, all at the De-
partment of Geological Sciences at the University of Texas of El Paso
(UTEP). Anions and select cations were analyzed by ion chromatogra-
phy (IC) and DIC and DOC were determined using a LICO elemental an-
alyzer at the Energy and Environmental Lab at the U.S. Geological
Survey in Reston, Virginia. Slightly better calibration datawere obtained
for the alkali elements from the ICmethod versus ICP-OES, so the IC data
are reported here. Charge balances are b5% for all samples, absolute dif-
ferences between ﬁeld blanks (n = 4 sets) were typically b5%, and er-
rors in the elemental reference standards (USGS M-178, M-182, T-
143) were typically b10% for all elements wherein the reported values
were within the calibrated range. Stable isotopes of δ18O and δ2H in
water, were measured by the U.S. Geological Survey Stable Isotope Lab
in Reston, Virginia. Corresponding δ18O and δ2H data were converted
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methods of Sofer and Gat (1972, 1975).
Boron and Sr isotope measurements were carried out on a Nu Plas-
ma multiple collector-inductively coupled plasma-mass spectrometer
at the Center for Earth and Environmental Isotope Research at UTEP, fol-
lowing column separation in a class-100 clean room. For B, chemical
separation was completed using Amberlite IRA 743 resin, following
the method of Eppich et al. (2011). Data are compared to NIST 951a
standard and reported in units of per mil (‰). In some samples, Fe
was observed precipitating in the resin during chemical separation
and was presumably transferred into the sample during elution in 2%
HNO3. However, Fe-spiked NIST 951a standard (20:1 Fe to B mass
ratio) and column separated, Fe-spiked (20:1 and 5:1 Fe to B mass ra-
tios) IAEA B-1 seawater secondary standard produced results within re-
ported values, suggesting that Fe had no measureable impact on the
analytical results. Repeated analysis of the NIST 951a standard (n =
14) provides an uncertainty (2s) of 1.08‰. The median value of 40.8‰
for the secondary standard, IAEA B-1, is within the range of its accepted
value of 38.6 ± 3.4 (x¯± 2s). For Sr, the samples were passed through
Eichrom Sr-resin, dried down, and brought up in 2% HNO3. Strontium
data were corrected on-line for interferences with Kr (Konter and
Storm, 2014). For the Sr isotopic measurements, the internal standard
(SRM 987) exhibited an external error (2s) of 0.00016 over the 4-day
analytical run, and the secondary standard (EN-1 Tridachna shell) pro-
vided amean value of 0.70917±0.00003 (n=8) relative to the accept-
ed value of 0.70917, suggesting acceptable analytical performance. Field
blanks contained negligible amounts of Sr and B.
To supplement the results collected here, data for an additional 1374
produced water samples fromwithin the study area (Fig. 1) were taken
from the USGS National Produced Waters Geochemical Database, Ver-
sion 2.1 (ions only; Blondes et al., 2014) and another 32 data points in-
cluding results for ions, δ18O, δ2H, and 87Sr/86Sr from a study by Stueber
et al. (1998) on the edge of the Central Basin Platform (Fig. 1). These ad-
ditional datasets pre-date tight oil development in the Basin and are
presumed to correspond to conventional, non-shale reservoirs. Like
the data collected for this study, the samples from the Stueber et al.
(1998) studywere collected only in areas outside of current or historical
water ﬂooding or CO2 injection. However, the impact of water ﬂooding
and CO2 injection on the data in the USGS National Produced Waters
Geochemical Database is unknown. Analysis using the database in a dif-
ferent portion of the Permian Basin suggested that roughly 10% of the
data were impacted by water ﬂooding (Engle and Blondes, 2014). Sam-
ples with charge imbalances N10% were excluded from analysis and are
not counted in the sample totals provided here.
Ionic and elemental data are compositional, meaning that they are
parts or relative amounts of somewhole, and require specialmathemat-
ical treatment. As noted in several papers (Engle and Blondes, 2014;
Engle and Rowan, 2013, 2014), the exceptionally large range in salin-
ities of formation waters tends to exacerbate problems associatedTable 1
Geometric centers for formation water sample data from theWolfcamp shale, non-shale Wolf
study area. Units are percent of total solute mass.
Wolfcamp shale Wolfcampian Ratio
Cl 6.05E−01 6.04E−01 1.00
Na 3.56E−01 3.13E−01 1.13
Ca 1.77E−02 4.93E−02 0.36
K 4.99E−03 4.92E−03 1.01
Br 4.87E−03 4.86E−03 1.00
SO4 4.57E−03 9.03E−03 0.51
Sr 3.31E−03 3.55E−03 0.93
Mg 2.64E−03 8.78E−03 0.30
I 5.61E−04 8.60E−04 0.65
DIC 5.40E−04 3.30E−04 1.64
B 3.15E−04 3.21E−04 0.98
Li 2.37E−04 1.23E−04 1.94
Si 1.06E−04 5.60E−05 1.89with application of conventional data analysis to brine chemistry and
make the data prone to spurious relationships. Intuitively, this is
because the sum of masses or volume of the various solutes changes
as a function of the water content (i.e., inverse of salinity), such that
when the water content varies widely, the other solutes are artiﬁcially
constrained to have a positive correlation. In some cases, the impact to
the interpretation of brine geochemical data can be substantial, such
as suggested mixing between end-members which is not actually oc-
curring (Engle and Rowan, 2013). To avoid these documented issues,
non-isotopic data in this paper are treatedusing standard compositional
data analysis (CoDa) methods, which were developed speciﬁcally to
overcome problems in traditional approaches (e.g., concentration vs.
concentration plots). In this case, subcompositions of multivariate
concentration data were converted using an isometric log-ratio (ilr)
transformation prior to interpretation and plotting. The most common
method for doing so is to convert D number of constituents, or parts,
to D− 1 series of non-overlapping groups of parts known as a sequen-
tial binary partition (Egozcue and Pawlowsky-Glahn, 2005), which can
be arranged to maximize geochemical interpretation (Engle and
Blondes, 2014; Engle and Rowan, 2013). The corresponding ilr coordi-
nates (zi) are calculated using the sequential binary partition via:
zi ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
risi
ri þ si
r
ln
∏xj
 1
ri
∏xlð Þ
1
si
; for i ¼ 1;…;D−1; ð1Þ
where ri and si are the number of parts coded with +1 and−1, res-
pectively, and xj and xl are the constituents coded with and +1 and
−1, respectively. For a 2-part subcomposition, say molar concentra-
tions of Na and Cl, the resulting ilr coordinate would be:
z1 ¼ 1ﬃﬃﬃ
2
p ln Na½ 
Cl½  orz1 ¼
1ﬃﬃﬃ
2
p ln Cl½ 
Na½  ð2Þ
depending on the chosen arrangement of the sequential binary
partition. Once data are transformed into ilr coordinates, they follow
the standard Euclidean geometry and can be used or analyzed directly
using conventional techniques. Isotopic data, for practical reasons, are
not readily affected by the mathematical problems that impact concen-
tration data and their conversion to ilr coordinates provides no substan-
tial beneﬁts (Blondes et al., 2015; Tolosana-Delgado et al., 2005), so they
are kept in their original units.
In addition to geochemical data, formation pressure data were com-
piled for wells in Upton, Reagan, and Irion counties, which form the
southern extent of the study area (Fig. 1). One hundred and eighteen
pad initial shut-in pressuremeasurements for lower permeability layers
in the Spraberry and Dean (both Leonardian) and from the Wolfcamp
shale were taken from Friedrich and Monson (2013). Drill stem test
shut-in pressure data from a proprietary database (IHS Energy)campian reservoirs, the “Cline” shale, and non-shale Pennsylvanian reservoirs within the
“Cline” shale Pennsylvanian Ratio
Cl 5.75E−01 6.06E−01 0.95
Na 3.57E−01 3.17E−01 1.13
Ca 2.40E−02 5.13E−02 0.47
Br 1.49E−02 2.67E−03 5.61
Sr 1.04E−02 2.47E−03 4.19
SO4 6.70E−03 6.01E−03 1.12
K 3.24E−03 4.00E−03 0.81
Mg 3.22E−03 9.87E−03 0.33
I 2.60E−03 1.71E−04 15.20
DIC 1.10E−03 2.83E−04 3.87
B 6.62E−04 1.81E−04 3.65
Li 4.33E−04 9.59E−05 4.52
Si 3.94E−04 7.17E−05 5.49
Table 2
Comparison of 1st and3rd quartiles forwater chemistry data frommajor tight oil and shale gas reservoirs. Bakken andMarcellus Shale data taken from theUSGSNational ProducedWaters
Geochemical Database, Version 2.1 (Blondes et al., 2014). n = number of data. Units are mg/L for all constituents except for pH (pH units).
Wolfcamp shale — tight oil “Cline” shale — tight oil Bakken — tight oil Marcellus shale — shale gas
Quartile 1 Quartile 3 n Quartile 1 Quartile 3 n Quartile 1 Quartile 3 n Quartile 1 Quartile 3 n
pH 7.1 7.6 14 7.5 7.7 9 5.63 6.42 420 5.9 6.8 26
Alkalinity as HCO3 412 755 14 695 1116 9 122 281 415 24.7 87.2 26
B 32.4 42.5 14 31.6 37.8 9 208 489 13 10.0 22.7 24
Ba b20 b20 14 b20 b20 9 12.0 31.8 309 282 2605 26
Br 493 639 14 585 928 9 521 874 11 604 1126 26
Ca 1463 2762 14 647 2451 9 7142 17000 425 6055 18950 26
Cl 63052 75370 14 19750 46330 9 116399 177769 425 50475 116064 26
Fe 19.7 55.2 14 63.9 183 9 17.5 129 383 31.825 78 26
I 62.8 80.6 14 94.8 184 9 No data No data 0 No data No data 0
K 388 902 14 126 212 9 2598 5305 372 271 867 19
Li 25.8 28.5 10 19.5 27.3 9 7.32 57.4 16 48.0 127 25
Mg 222 384 14 84.7 329 9 667 1335.6 425 347 1675 26
Mn b0.5 1.18 14 1.59 3.07 9 4.04 10.8 11 2.36 9.63 25
NH4 633 1334 10 98.0 229 9 1500 2500 11 87.7 237 25
Na 38101 45095 14 12876 25207 9 57900 91700 425 26850 43742 26
Si 11.1 13.3 14 17.1 23.6 9 No data No data 0 No data No data 0
SO4 363 649 14 b300 b300 9 305 760.5 422 7.3 50 25
Sr 316 421 14 293 931 9 921 1450 13 1042 3693 26
TDS 105408 123227 14 36790 79920 9 194559 292973 377 88500 199000 25
DOC 79.9 206 14 166 228 9 No data No data 0 32.0 305 17
Table 3
Sequential binary partition for the subcomposition [Ca, Cl, Na, SO4],where+ indicates that
part is in the numerator of the ilr balance,− indicates that the part is in the denominator
of the ilr balance, r is the number of parts in the numerator, and s is the number of parts in
the denominator. Parts with neither− or + are not used in that balance.
Partition Na Cl Ca SO4 r s
1 +1 +1 −1 −1 2 2
2 +1 −1 1 1
3 +1 −1 1 1
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age reservoirs for the same three counties. Data were converted to pres-
sure gradients to adjust for differences in reservoir depth across the
study area by dividing the reservoir pressure data by the average
depth of the test interval for each data point. All data with a pressure
gradient less than 4.5 kPa/mwere discarded as being unrealistically low.
4. Results and discussion
4.1. Geochemical characterization ofWolfcamp and “Cline” shale formation
waters
Geometric centers (the geometricmean of each constituent, normal-
ized to 100%) were used to estimate the average relative abundance of
solutes by mass for produced water samples from four unique sets:
1) the Wolfcamp shale (n = 14); 2) the “Cline” shale (n = 9); 3) non-
shale, Wolfcampian reservoirs; and 4) non-shale Pennsylvanian reser-
voirs (Table 1). By comparing the composition of produced waters
from shale versus non-shale reservoirs of the similar age (Wolfcampian
and Upper Pennsylvanian), it allows us to examine unique geochemical
signatures and processes which affect waters found in the Permian
Basin shales, where less information exists in the literature. The simple
approach of determining the geometric center of each sample set is a
compositional technique for approximating themultivariate barycenter
of the data, while considering that the individual parts of the various
solutes must sum to 100% (see Engle and Rowan [2014] for additional
application of geometric centers to brine analysis). The resulting
geometric centers for formation waters from Wolfcamp and “Cline”
shales indicate that the solutes in sets of samples are comprised of Cl
(57.5–60.6%) and Na (31.3–35.7%), with minor Ca (~5%). On average,
no other constituents are present in excess of 1% by solute mass. Geo-
metric centers for both sets also show similar relative solute abun-
dances of Br, I, K, Mg and SO4 (0.01% to 0.3% by solute mass) with the
smallest contribution from DIC, B, Li, and Si. To allow for comparison,
this analysis only includes results for elements measured/reported in
all four sample sets; additional parameters of interest for these samples
were examined in univariate analysis.
To gain a sense of how formation waters from the Permian Basin
shale reservoirs compare to those of other shale gas and tight oil
plays, univariate statistics for selected constituents in Wolfcamp and
“Cline” shale produced water samples are shown with those for the
Bakken (Williston Basin) tight oil and Marcellus Shale (AppalachianBasin) gas plays, taken from the USGS National Produced Waters Geo-
chemical Database, Version 2.1 (Blondes et al., 2014). To emphasize
“typical values” from formation waters, the 1st and 3rd quartiles are
compared (Table 2). Use of log-ratio transformations for calculation of
univariate percentile-based statistics are unnecessary because the
same results are produced from the raw data (Filzmoser et al., 2009).
The ranges of solute concentrations from the Wolfcamp shale samples
are generally of the same order of magnitude as those from the Bakken
and Marcellus Shale, but they exhibit higher pH and relatively little Ba,
Ca, Mg, and Sr compared to Na. Compared to the other sets, samples
of produced waters from the “Cline” shale have lower salinity (typically
b80 g/L) with elevated abundances of Br and I. Data for all of these res-
ervoirs contain elevated concentration of NH4 (often N100mg/L),which
is unsurprising as the denitriﬁcation of organic matter in source rocks is
a known source of NH4 (Pashin et al., 2014). High ratios of alkali to alka-
line earth elements and the relatively low salinity in the Permian Basin
samples relative to the Bakken and Marcellus shales suggests that their
origin is unique and invites further examination.
4.2. Comparison of formationwater geochemistry forWolfcamp and “Cline”
shales versus adjacent formations
For a gross overview of the data, molar Na/Cl and Ca/SO4 ratios are
useful for discrimination of formation water chemistry (Hounslow,
1995). Keeping with the application of CoDa techniques, for each sample
the four parts of interest (Ca, Cl, Na, and SO4) were converted to three ilr
balances using a sequential binary partition (Table 3) following the rules
of Egozcue and Pawlowsky-Glahn (2005). The partition was arranged to
allow for direct comparison of the molar Na/Cl and Ca/SO4 ratios in bal-
ances 2 and 3. The resulting transformed data for these two balances
are plotted in Fig. 5. Nearly all of the samples from the study area fall
into the category of Ca–Cl-type brines, meaning that on an equivalence
Fig. 5. Scatterplot of two isometric log-ratios for the subcomposition [Ca, Cl, Na, SO4], using molar data. Also shown are the composition of Late Permian seawater (SW) and its modeled
trajectory for evaporation (solid red line) and the approximate compositions of water in equilibriumwith halite and anhydrite (gray circle). Multiple Res. =well producing frommultiple
reservoirs, IX = ion exchange.
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of solutes, dissolution of evaporites (anhydrite andhalite) and evaporated
Late Permian seawater are shown on the plot, but the vast majority of
data are distal to both. In fact, most of the sample data plot well above
both sources on the y-axis, suggesting that SO4 reduction has been an im-
portant process in deﬁning the composition of formationwaters from the
basin. Comparison of data for formation water samples from the
Wolfcamp and “Cline” shales with the adjacent non-shale reservoirs in
this plot shows no obvious patterns of separation, indicating a common
origin. Some of the data, particularly for samples from Guadalupian,
Leonardian, and Devonian reservoirs, plot distal to the rest of the data
and away from the various solute sources. These scattered data are from
the USGS National Produced Waters Geochemical Database, which does
include data impacted by water ﬂooding (Engle and Blondes, 2014) and
may represent mixtures of formation water with water from other
sources or erroneous chemical data. Alternatively, these same composi-
tions can be achieved through exchange of Na for Ca on clay minerals
from waters in equilibrium with anhydrite and halite. Engle and
Blondes (2014) previously noted that Na–Ca exchange is an important re-
action in some Guadalupian-age reservoirs in the Permian Basin.
Examining the behavior of Na, Cl, and Br in saline waters has long
been used to indicate the origin of salinity in brines, because Br has little
afﬁnity for halite (McCaffrey et al., 1987; Walter et al., 1990). The con-
ventional approach is to examine either the concentrations of Cl vs. Br
(or Na vs. Br) or the ratios of Na/Br vs. Cl/Br. For comparison, we show
those two plots (Fig. 6) against the isometric log-ratio Na–Cl–Br graph
of Engle and Rowan (2013), for the purpose of highlighting some
advantages of application of compositional data analysis to brine geo-
chemistry relative to traditional approaches. A more detailedcomparison between these various plots using different datasets is pro-
vided in Engle and Rowan (2013).
The three plots (Fig. 6) show the different geochemical pathways for
the evaporation of Late Permian seawater versus dissolution of Br-poor
halite by paleoseawater (creation of pathways described in Engle and
Blondes, 2014; Engle and Rowan, 2013) based on the assumption that
halite has no afﬁnity for Br. Plotting of Permian Basin produced water
data on a Cl vs. Br concentration plot (Fig. 6A) shows that many of the
data for samples from Guadalupian and some of the data from
Leonardian reservoirs plot along or near the trend for halite dissolution,
while those from deeper reservoirs (except for those from the
Wolfcamp and “Cline” shales and the remaining Leonardian samples)
generally plot along the trajectory for Late Permian seawater evapora-
tion, prior to halite saturation. Of the remaining samples, data from
the Wolfcamp shale and some of the Leonardian samples appear to
plot along a mixing pathway between weakly evaporated Permian sea-
water and highly evaporated Permian seawater (beyond halite satura-
tion), while those for “Cline” shale plot away for all indicated
processes controlling Br and Cl.
By comparison, results using the Cl/Br vs. Na/Br plot of Walter et al.
(1990) show somewhat similar results (Fig. 6B). On this type of plot,
for samples to lie along the seawater evaporation curve they have to
have been evaporated beyond the point of halite saturation. Therefore,
results from this plot indicate that most samples which plot along the
evaporation pathway are more strongly evaporated (i.e., beyond halite
saturation) than suggested by theCl vs. Br concentration plot.Moreover,
on the Cl/Br vs. Na/Br diagram, data for samples for shale reservoirs plot
on the far end of the seawater evaporation curve, althoughwith a lower
Cl/Br molar ratio than would be expected purely from Late Permian
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Leonardian reservoirs data do represent mixing (as suggested in the Cl
vs. Br concentration plot), this plot suggests brines from the “Cline”
shalemaybe thehighly evaporated end-member (which is not support-
ed by the concentration plot or by TDS data [Fig. 7]).
Interpretation of the isometric log-ratio Na–Cl–Br plot (Fig. 6C),
an application of CoDa, shows similar results to the other two plots with
some important exceptions. As before, data for samples from
Guadalupian, some Leonardian, and some Devonian data plot along the
curvilinear pathway (where the molar Na/Cl ratio approaches 1 and
abundance of Na and Cl relative to Br, increases) for halite dissolution,
suggesting these are meteoric waters that derived their salinity from
upper Permian evaporiteminerals. On this type of plot,mixtures of highly
evaporated seawater and less evaporated seawater (as suggested for the
Wolfcamp shale data by theCl vs. Br concentrationplot) fall along the sea-
water evaporation trajectory (Engle and Rowan, 2013). So, unlike the
other twoplots, formationwaters from theWolfcamp shale donot appear
to represent mixtures of strongly and weakly evaporated seawater. In
fact, very few samples plot along the seawater evaporation pathway.
Rather, data for Wolfcampian, Wolfcamp shale, Pennsylvanian, “Cline”
shale, and a portion of the Leonardian reservoir samples plot off the sea-
water evaporation pathway. This pattern is most pronounced for “Cline”
andWolfcamp shale formation water data, which appear to show an ex-
ceptional enrichment in Br relative toNa andCl, and enrichment ofNa rel-
ative to Cl. The former suggests input from a Br source in addition to or
other than evaporated seawater. Addition of external Br would produce
an exaggerated degree of evaporation in the Cl/Br vs. Na/Br plot and ex-
plain why “Cline” and Wolfcamp shale sample data in this plot indicate
evaporation well beyond halite dissolution, despite showing lower TDS
values than the data for non-shale Pennsylvanian and Wolfcampian res-
ervoirs (Fig. 7). In the Cl. vs. Br concentration plot, input of external Br
would push samples to the right of the evaporation pathway in creating
an apparent mixing pathway for the Wolfcamp shale samples that may
not truly exist. Enrichment inNa relative to Cl in the ilr plot, was not iden-
tiﬁed in the other plots and is important as it suggests additional process-
es that controlled the relative abundance of cations (as detailed further in
Section 4.3). In this case, results from the ilr Na–Cl–Br plot (Fig. 6C) pro-
duce themost internally consistent interpretations and identify processes
which were not seen in the other plots. This example highlights the ad-
vantages of application of CoDa techniques to the interpretation of brine
geochemical data, and is justiﬁcation for their usage here. Because data
from many of the samples, including those from the shale reservoirs, fall
off the modeled trajectories in the ilr Na–Cl–Br plot, application of Na–
Cl–Br systematics to interpret the origin of brines to Permian Basin sam-
ples needs to be used with caution. In addition to the lack of clarity due
to an external source of Br (e.g., organic-matter derived halogens), previ-
ous authors suggest that recycling of halite in the nearby Palo Duro Basin
was common along basinmargins (Hovorka et al., 1993), whichmay fur-
ther complicate Na–Cl–Br systematics in Permian Basin brines.
As a ﬁnal means to examine geochemical differences among forma-
tionwaters found in shale reservoirs and adjacent non-shale reservoirs,
histograms of TDS concentrations (Fig. 7) and compositional geometric
centers (Table 2) of produced water samples from different reservoirs
were examined. In general, following the modes of the histograms,
TDS increases as a function of reservoir age (a proxy for depth), down
to the Devonian-age reservoirs (up to and exceeding 200,000 mg/L),
then decreases to b150,000 mg/L in water samples from older, deeper
reservoirs (Fig. 7). Someof the lower TDS values in the conventional res-
ervoirsmay be a result of the injection of shallowmeteoricwater during
water ﬂooding. Formation waters from the shale units are typically
75,000–100,000 mg/L less saline than water from the adjacent, non-Fig. 6. A) Scatter plot of Cl versus Br concentration data; B) scatterplot of Cl/Br vs. Na/Br mola
subcomposition. Further details on the ilr plot are found in Engle and Rowan (2013). Modele
by seawater (dashed red line) shown on all plots. Multiple Res. = well producing from multipshale reservoirs, suggestingmarked differences in formationwater geo-
chemistry between shale and non-shale reservoirs of similar age. For
the Wolfcampian-age reservoirs, relative abundances of B, Br, Cl, and K
were similar between geometric centers for the shale versus non-
shale reservoirs (Table 2). However, the produced water samples from
the Wolfcamp shale are enriched in DIC, Li, Na and Si and depleted in
Ca, I, Mg, and SO4 compared to their relative abundances in data for
Wolfcampian non-shale reservoirs. Differences based on reservoir
lithology were even more pronounced in the relative abundances of
constituents for “Cline” shale samples versus non-shale Pennsylvanian
reservoirs; samples from the shale reservoirs are heavily enriched in
Br, B, DIC, I, Li, Si, and Sr, moderately enriched in Na and SO4, and heavily
depleted in K, Ca, and Mg relative to data from the non-shale reservoir
samples.
Breakdown of Type-II, marine kerogen is a known source of halogens
(Br and I), NH4, and B to formation waters (Moran, 1996; Pashin et al.,
2014; Williams et al., 2001b; Worden, 1996). The associated enrichment
of these constituents in formation waters from the “Cline” shale relative
to those from non-shale Pennsylvanian reservoirs suggests that thermal
maturation of kerogen is an important control on the composition of
the produced waters from mature source rocks. Additional evidence for
contribution of elements from kerogen to formation waters from the
“Cline” shale comes from δ11B and Cl data. Strictly following rules for
CoDa, a 3-part singular binary partition for this system was created
(Table 4). To simplify the associated ilr coordinates, z1 was changed from
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to δ11B (Fig. 8). This is justiﬁed because calculated values from the
simpliﬁed formulas are highly correlated with those from the original
coordinates (R2 N 0.9999). Correspondingly transformed data for
water from Leonardian and Wolfcamp shale reservoirs plot along the
approximate trajectory for seawater evaporation (Vengosh et al.,
1992) with a starting point for the estimated composition of Late Perm-
ian seawater (Joachimski et al., 2005). By comparison, data for the
“Cline” shale water samples show enrichment in B/Cl by up to a factor
of ﬁve, and exhibit isotopically lighter values of δ11B. Williams et al.
(2001b) showed a similar pattern in formation waters from the Gulf
Coast Basin and demonstrated that thermally mature marine kerogen
is an important source of isotopically light B in some reservoirs,
supporting this hypothesis.
Many of the other differences, in terms of salinity and solute composi-
tion, between formation waters from the shales versus adjacent, non-
shale reservoirs cannot be explained by conventional mechanisms, such
as preferential expulsion of solutes during physical compaction of clays
(Engelhardt and Gaida, 1963; Rosenbaum, 1976) or release of interlayer
water during smectite to illite conversion (Schmidt, 1973). These are se-
quential mechanisms (physical compaction occurs at 0–2 km burial and
smectite to illite conversion at N3 km; Bjølykke, 1998), and the clay min-
erals of the Wolfcamp shale and less so the “Cline” shales have beenr ratios of Walter et al. (1990); C) scatterplots for the ilr transformation of the [Na, Cl, Br]
d pathways for Late Permian seawater evaporation (solid red line) and halite dissolution
le reservoirs.
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Fig. 8. Scatterplot of δ11B versus ilr transformed molar B:Cl ratios. Also shown are the
composition of Late Permian seawater from Joachimski et al. (2005) and the
approximate trajectory for seawater evaporation calculated from data provided in
Vengosh et al. (1992). Error bars in δ11B data shown at 2 standard deviations, based on
external precision. Multiple Res. = well producing from multiple reservoirs.
Fig. 7.Histogramsof total dissolved solid (TDS) concentrations in producedwater samples
from Guadalupian to Ordovician reservoirs. Gray windows show trends in salinity with
reservoir age drawn using modes of the histograms.
86 M.A. Engle et al. / Chemical Geology 425 (2016) 76–92through diagenesis (Sivalingam, 1990). Thus, formation waters impacted
by these mechanisms should show evidence for water–rock interactions
related to smectite to illite conversion, namely depletion of K and prefer-
ential removal of 10B, particularly in the more illite and chlorite-rich
Wolfcamp shale (Schmidt, 1973; Williams et al., 2001a). Comparison of
geometric centers between the shale and corresponding non-shale reser-
voirs (Table 1) and B composition and isotopic data (Fig. 8) show no evi-
dence for either K or B loss (including preferential 10B loss) in the water.
Formation waters in the Wolfcamp and “Cline” shales thus appear to
have entered these units after clay diagenesis was complete (Fig. 3). Pro-
cesses other than clay diagenesis (discussed in the next section) wereTable 4
Sequential binary partition for the subcomposition [11B, 10B, Cl], where + indicates that
part is in the numerator of the ilr balance,− indicates that the part is in the denominator
of the ilr balance, r is the number of parts in the numerator, and s is the number of parts in
the denominator. Parts with neither− or + are not used in that balance.
Partition 11B 10B Cl r s
1 +1 +1 −1 2 1
2 +1 −1 1 1responsible for reducing salinity and changing the solute composition in
the shale relative to water in the adjacent units.4.3. Origin of formation waters in the Permian Basin
As described above, Na–Cl–Br plots help delineate the source of sa-
linity in produced waters, but appear to be of limited help in under-
standing the origin of formation waters in the Permian Basin due to
inputs of kerogen-derived halogens (particularly Br) and evidence
from previous studies of recycling of halite near the basin margins of
the hydrologically connected Palo Duro Basin (Hovorka et al., 1993;
Knauth and Beeunas, 1986). Better evidence for origin of the brines
can be yielded from δ2H and δ18O data (Dutton, 1987; Holser, 1979;
Kharaka et al., 1987; Rowanet al., 2015), while insight into solute source
is provided by δ11B and 87Sr/86Sr data (Barnaby et al., 2004; Chapman
et al., 2012; Moldovanyi et al., 1993; Williams et al., 2001b). Data for
the elemental isotopes of water (Fig. 9) plot in proximity to themodern
local meteoric water line (LMWL) of Reyes (2014), and the extent of
data for primary and secondary ﬂuid inclusions found in halite from
the Palo Duro Basin (Knauth and Beeunas, 1986). Data for produced
water samples from both the youngest (Guadalupian) and oldest (De-
vonian and Silurian) reservoirs plot near the modern local meteoric
water line, suggesting that waters from these reservoirs are at least in
partmeteoric (Fig. 9). Samples from the same reservoirs host the lowest
TDS concentrations, indicatingmeteoric contributions are an important
source of lower salinity waters in the basin. Salinity data for formation
waters for the Devonian-age reservoirs appear bi-modal, indicating
that a potential vertical ﬂow barrier may be present. Samples used
here, fromDevonian reservoirs, plot near themodern LMWL and exhibit
TDS concentrations b50 g/L conﬁrming the likely source of the lower sa-
linitywater in these units. Previous authors have suggested that the Late
Devonian Woodford Shale represents a vertical ﬂow barrier in the sys-
tem (Merrill et al., 2015), but the location of the study samples relative
to the Woodford is unknown for conﬁrmation of this hypothesis. It is
Fig. 9. Scatterplots of δ18O and δ2H data for produced water samples. Modern local
meteoric water line (LMWL) from Reyes (2014). Also shown are the composition of
seawater, the seawater evaporation trajectory of Holser (1979), and the composition of
water in primary and secondary halite ﬂuid inclusions from the Palo Duro Basin (Knauth
and Beeunas, 1986). Multiple Res. = well producing from multiple reservoirs.
Fig. 10. Scatterplot of δ18O versus estimated reservoir temperature showing the range
of δ18O values in isotopic equilibrium with Pennsylvanian and Wolfcampian age
carbonates. Reservoir temperatures estimated using relationships between depth and
corrected bottom hole temperatures in the study area using data from the Southern
Methodist University National Geothermal Data System. Multiple Res. = well producing
from multiple reservoirs.
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were collected distal to those from the Devonian reservoirs (Fig. 1),
they still appear to be quite similar and follow TDS trends from the larg-
er sample set indicating that patterns in the isotopic data are not likely
controlled by local processes.
The remaining δ2H and δ18O data plot near the pathway for seawater
evaporation (Holser, 1979), with the vast majority overlapping the
range of data for primary ﬂuid inclusions found within halite in the
Palo Duro Basin, which are thought to represent evaporated Late Perm-
ian seawater (Knauth and Beeunas, 1986). A few of the data for samples
from Pennsylvanian-aged reservoirs plot in the range of data for sec-
ondary ﬂuid inclusions, which were interpreted to represent recycling
of halite in the basin margins during inputs of continentally-derived
freshwater into the system (Hovorka et al., 1993; Knauth and
Beeunas, 1986). Such ﬁndings suggest that the majority of formation
waters in Leonardian to Pennsylvanian-aged reservoirs consist of evap-
orated Late Permian seawater, which is related to the upper (Ochoan)
Permian evaporites. Note that at the point of halite precipitation, geo-
chemical modeling indicates that the estimated salinity of Late Permian
seawater was 311,000 mg/L (Engle and Blondes, 2014). This value is far
in excess of TDS concentrations measured in most of the samples from
Guadalupian to Devonian reservoirs (Fig. 7), even though it roughly
matches the δ2H and δ18O compositions of these samples. Dilution of
the evaporated seawater by fresh meteoric water could have occurred
but would have pushed the isotopic composition of the water off of the
seawater evaporation pathway toward to themeteoric water line. Amix-
ture of 60% Late Permian evaporated seawater concentrated by a factor of
4 times and 40% Late Permian evaporated seawater concentrated by a fac-
tor of 45 times produces roughly the same isotopic composition of water
evaporated beyond the point of halite precipitation but with a much
lower salinity (222,000 mg/L). This suggests that the observed composi-
tion of δ2H and δ18O and salinity of the samples represent a fairly homo-
geneous mixture of Late Permian seawater from different stages of
evaporation, in agreement with models which call for cyclicity in the for-
mation of evaporite deposits (Chaudhuri and Clauer, 1992).
Many of the data which plot near the composition of Late Permian
seawater exhibit higher δ18O values than the range of the ﬂuid inclusiondata. These same formation water samples show good agreement be-
tween their δ18O values and those predicted assuming isotopic equilib-
riumwithWolfcampian and Pennsylvanian-age limestones in the basin
(25.8–28.8‰— Vienna Standard Mean Ocean Water basis; Saller et al.,
1994) using fractionation factors based on estimated reservoir temper-
atures (Fig. 10). The similarity between δ2H and δ18O data for produced
water samples from the “Cline” and Wolfcamp shales with those from
the adjacent reservoirs also suggests that no additional source of mete-
oric or clay dehydration water has been added to the system, subse-
quently diluting the waters in the shales. Data for samples that plot
outside the extent of primary ﬂuid inclusions in Fig. 9, particularly
from Guadalupian, Pennsylvanian (those that plot in the ﬁeld for sec-
ondary ﬂuid inclusions), Silurian, and Ordovician reservoirs also plot
away from the trend predicted for oxygen exchange with carbonate
minerals. This suggests that for these samples isotopic water–rock
exchange with Paleozoic carbonate minerals is negligible.
Evidence for mixing and the origin of the ﬂuids can be further
enhanced using 87Sr/86Sr data in the produced waters and potential min-
eral sources of Sr. Forminerals which contain abundant K (polyhalite and
clays), previously developed Rb–Sr isochrons (Register and Brookins,
1980) were used to calculate the composition of these minerals during
the Late Permian (252 Ma), when at least some of the ﬂuids are thought
to have formed. Nearly all of the data for samples with a suggested evap-
orated paleoseawater origin (Leonardian to Pennsylvanian) from the δ2H
and δ18O results exhibit a narrow range of 87Sr/86Sr values (0.7085 to
0.7095), suggesting a common source. Conversely, sampleswhich appear
to be meteoric based on δ2H and δ18O results exhibit different, non-
overlapping values, depending on the age of the reservoir. Such results
support the hypothesis of different water sources for the ﬂuids in
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appearing to bemeteoric-sourced. Basedona subset of thedata presented
here, Stueber et al. (1998) suggested a mixing trend between waters in
the Devonian reservoirs and those in the Pennsylvanian reservoirs
(Fig. 11). The linear trend on this 87Sr/86Sr versus 1/Sr plot is suggestive,
but needs to be taken with caution given the limited dataset. However,
this mixing would help to explain why some of the data for samples
from Pennsylvanian reservoirs do not follow the predicted δ18O values
from isotopic exchangewithWolfcampian and Pennsylvanian limestones
(Fig. 10). As an aside, use of 1/Sr concentration is not technically correct
for CoDa (Blondes et al., 2015) but is still useful in identifying mixing, as
it is linear in this space (mixing is non-linear in ilr transformed space).
Comparison of 87Sr/86Sr values from formation water samples with
potential mineral samples in Ochoan and Guadalupian rocks (Hovorka
et al., 1993; Register and Brookins, 1980) suggests that waters found in
the Leonardian to Pennsylvanian reservoirs is the source of the Ochoan
halite deposits across the Permian and Palo Duro Basins. This interpreta-
tion agrees with overlap of the δ18O and δ2H data for the same produced
water samples with ﬂuid inclusions in halite from the Palo Duro Basin
(Fig. 9). The range of 87Sr/86Sr values for these formation waters and the
halite + polyhalite samples (0.7085–0.7095) is far outside that of the
Guadalupian anhydrite and limpid dolomite samples and of Mid- to
Late-Permian seawater (0.7069–0.7076) described in the literature
(Burke et al., 1982). Because there is little variance in the 87Sr/86Sr values
in produced water samples from the Leonardian to Pennsylvanian reser-
voirs, the strontium signatures likely correspond to that of the evaporated
paleoseawater when it began to sink into the basin, rather than post-
inﬁltration water–rock reactions. One possible explanation for the radio-
genic signature of the seawater in the basin during the Late Permian is
that as progressive evaporationwithin the Permian Basin increased,mov-
ing from the Guadalupian into Ochoan Series (and thusmoving from car-
bonate and anhydrite lithologies into halite), water ﬂow from the west
became increasingly restricted. In this scenario, radiogenic local dust in-
puts and sediment from arid river systems (Chaudhuri and Clauer,
1992; Register and Brookins, 1980) modiﬁed the 87Sr/86Sr values of the
halite + polyhalite deposits outside of the range of bulk seawater during
that period. Examination of the data for samples fromGuadalupian reser-
voirs (which plot on themeteoricwater line; Fig. 9) shows strong overlap
with the Sr-bearingminerals in these units, supporting the idea that theseFig. 11. Strontium isotopic data for formation water samples (left) and Ochoan and Guadalupi
data for each category to prevent overlapping of symbols. Data for mineral sources taken fro
Rb-bearing minerals (halite + polyhalite and detrital clays) corrected to their values during
composition of Mid- to Late-Permian seawater taken from Burke et al. (1982). Multiple Res. =waters have entrained most of their Sr from dissolution of these se-
quences. Lastly, the samples from Devonian and Silurian reservoirs
(which plot on themeteoric water line; Fig. 9) show no common overlap
with any of the evaporiteminerals that cap the basin, suggesting that they
may have been present prior to the Late Permian (Fig. 3).
Similar results are observed from the B isotopic data (Fig. 8). Forma-
tion waters from the Wolfcamp shale and Leonardian reservoirs fall in
the range of predicted composition of Late Permian seawater evaporat-
ed beyond halite precipitation, although the former are slightly heavier
than the latter (41.9–45.4‰ and 37.2–41.9‰, respectively). As previ-
ously discussed, waters in the “Cline” shale show additional enrichment
of isotopically light B, likely derived from decomposition of marine ker-
ogen in the shale. However, the two samples from Silurian reservoirs
are distinct, exhibiting much lower δ11B values of roughly 26‰. Al-
though B isotopic data are not available for the reservoir rocks, at a res-
ervoir temperature of 65 °C the isotopic separation (Δ) between silicate
minerals and water is approximately−28‰, (Williams et al., 2001a).
The corresponding δ11B composition of sediments in equilibrium with
thesewaters is roughly−2‰, which is close to the range of ancientma-
rine sediments of−17.0 to−5.6‰ (Ishikawa and Nakamura, 1993).
Given a common origin of evaporated Late Permian seawater for
brines from Leonardian to Upper Devonian reservoirs (mixture of pre-
and post-halite saturation waters), processes which generated the
lower salinity and high relative alkali content of formation waters
from theWolfcamp and “Cline” shale reservoirs are not obvious. Forma-
tionwaters currently found in the shales likely entered after smectite to
illite conversion (Fig. 3), so mechanisms other than clay diagenesis ap-
pear to be responsible. Clays act as semi-permeable membranes which
limit movement of ions, particularly in the diffuse double layer near
the clay–pore water interface (Magara, 1974), so diffusion of water
into clay serves as one mechanism to lower salinity in formation
water from shales in the Permian Basin. Laboratory and theoretical
data show that for diffusion of seawater into clay, diffusion coefﬁcients
of multivalent ions are lower than those for univalent ions (Li and
Gregory, 1974). Although the concentration gradient for each constitu-
ent, between the salinewater in the carbonates and the less salinewater
originally present in the shales in the Permian Basin, is unknown, the
differences between the effective diffusion coefﬁcients for different
compounds can be used to infer relative rates of diffusion. Thus,an mineral sources (right). Random scatter along the x-axis applied to the mineral source
m Register and Brookins (1980) and Hovorka et al. (1993). Strontium isotopic data for
the Late Permian using the published Rb–Sr isochrons for the same samples. Estimated
well producing from multiple reservoirs.
89M.A. Engle et al. / Chemical Geology 425 (2016) 76–92diffusion of solutes and water into shale reservoirs from sinking Late
Permian seawater at near hydrostatic pressures (partially driven by an
osmotic pressure gradient) might control shale formation water chem-
istry. Note, this mechanism is distinct from hyperﬁltrationmechanisms,
which involves forcing water through clays under exceptionally high
pressures. Theoretical calculations for diffusion of solutes into the
Collovo-Oxfordian shale of the Paris Basin, a unit with a similarmineral-
ogy to theWolfcamp shale, show that effective diffusion coefﬁcients for
monovalent cations exceed those of divalent cations by up to a factor of
three (Appelo et al., 2008). This limit is consistent with the results from
the Permian Basin; the Na:Ca mass ratio for the geometric centers of
produced waters from the Wolfcamp shale are 3.2 times higher than
non-shaleWolfcampian reservoirs and the same ratio for the geometric
centers for the “Cline” shale are 2.4 times higher than non-shale Penn-
sylvanian reservoirs. Moreover, Ca for Na ion exchange can also further
increase Na/Ca ratios in clay minerals. This interpretation is also consis-
tent with the limited boron isotope data. Although no studies on B iso-
tope fractionation during diffusion into clays are known to exist,
anions are retarded relative to neutral species in clays due to anion ex-
clusion in the diffuse double layer (Magara, 1974). Given the afﬁnity for
10B in the borate anion, diffusion of boron would likely allow for faster
transport of uncharged, 11B-rich boric acid into clays producing an isoto-
pically heavy porewater. This processmight explainwhy δ11B values for
Wolfcamp shale formationwater samples are slightly higher than those
for Leonardian reservoirs (Fig. 8). Thus, we argue that the producedwa-
ters in the Wolfcamp and “Cline” shales are of the same origin as other
ﬂuids from Leonardian to Devonian reservoirs (evaporated Late Perm-
ian seawater), that diffused into the shales post-illitization (Fig. 3), lead-
ing to lower salinity water enriched in alkalis.
Despite low salinity ﬂuids within the shales, salinity tends to in-
crease with depth into Devonian reservoirs. This suggests that the
dense, Late Permian seawater that sank into these deeper reservoirs,
displacing less dense water previously present, was able to circumvent
the low-permeability shales at the center of the basin. Large vertical
structures to allow such deep ﬂuid ﬂow are generally absent in the
basin. Platform and slope carbonates found around the basin margins
(Hamlin and Baumgardner, 2012) are much more likely pathways for
downward ﬂow, allowing sinking brines to circumvent the basin-
centered mudrock facies (Senger and Fogg, 1987).
Combining the various results (see Fig. 3 for summary of timing),
meteoric waters found at the top and bottom of Paleozoic stratigraphic
sections are separated by a nearly 1500–3000 m thick section of rock
containing relatively homogenous (isotopically) Late-Permian seawa-
ter, which was mixed after evaporating to various degrees, to provide
a composition with a salinity below that expected to produce halite,
but with δ2H and δ18O signatures that suggest evaporation beyond ha-
lite formation. Such exceptionally dense ﬂuids likely sunk into the
basin, reacting with limestones in the Pennsylvanian and Wolfcampian
reservoirs to produce the observed δ18O values in some samples, at
near-present reservoir temperatures. The source of meteoric water in
lower salinity samples from Devonian to Ordovician rocks is unknown,
although such units are part of the original Tobosa Basin, and extend for
hundreds of kilometers. Pervasive karst and collapse features are found
in equivalently aged Ordovician and Silurian units which outcrop near
El Paso, Texas (Bellian et al., 2012), suggesting that a potential network
for deep water storage and transport may exist beneath the Permian
Basin. The source of the meteoric waters in the Guadalupian reservoirs
is primarily thought to be derived from meteoric recharge to the west,
where such units do or previously have outcropped (Barnaby et al.,
2004; Bein and Dutton, 1993; Stueber et al., 1998).
4.4. Hydraulic connectivity between oil and gas reservoirs in the basin
Histograms of TDS concentrations and interpretations of isotopic
data support the notion of intrusion of relatively fresh meteoric
water, which gained salinity from the dissolution of evaporite minerals(Barnaby et al., 2004; Engle and Blondes, 2014; Lambert, 1992; Siegel
and Anderholm, 1994) into Guadalupian and possibly Leonardian reser-
voirs. The bi-modal salinity of waters fromDevonian reservoirs, and rel-
atively low salinity of waters from Silurian and Ordovician reservoirs
(b150 g/L) and meteoric source for those waters suggests another rela-
tively distinct pocket of meteoric water, likely below the Woodford
Shale. This deeper, chemically and isotopically distinct meteoric water
ismarkedly different from the Late Permian seawater in overlying reser-
voirs, suggesting minimal communication between the two.
Histograms of in-situ pressure data from the three-county study
area (Fig. 12) show differences in pressure gradients between the vari-
ous reservoirs. Both Guadalupian and Leonardian reservoirs show
modes (i.e., the interval with the highest frequency) that are slightly
under-pressured (Fig. 12). Although some of this patternmay be related
to ﬂuid withdrawals during hydrocarbon production, under-pressuring
was noted very early in the development of these ﬁelds (Elkins, 1953).
Conversely, data from the Wolfcamp shale show substantial over-
pressuring, consistent with its role as a source rock. Assuming maxi-
mum burial during the Eocene (Sinclair, 2007), ﬂuid movement out of
the Wolfcamp shale has been slow enough to retain some level of
over-pressuring for at least 55 Ma, while allowing for under-
pressuring to develop in Guadalupian and Leonardian reservoirs. Simi-
larly, slight under-pressuring is also observed in Ordovician reservoirs,
suggesting that downward ﬂuid migration from the Wolfcamp shale
and other over-pressured source rocks, has been limited (Fig. 12).
Based on distinct chemical and pressure gradient differences between
Late Permian seawater in Leonardian to Devonian reservoirs and mete-
oric waters found in older Paleozoic reservoirs, we suggest that the pre-
viously deﬁnedDeep Basin Brine Aquifer Systems of Bassett and Bentley
(1982), be split into the overlying Deep Basin Brine Aquifer System and
the underlying Deep BasinMeteoric Aquifer System (Fig. 2).We suggest
the name for the latter to avoid confusion with paleo-meteoric water
found in the Dockum and shallower portions of the basin and indicate
proximity to the evaporated paleoseawater found above it.
Given a geologic history of uplift and tilting during the LaramideOrog-
eny and Basin and Range extension (Fig. 3), under-pressuring may have
developed in more permeable layers, where eastward and southeastern
ﬂow exceeded recharge (Senger et al., 1987). In the case of Guadalupian
and Leonardian reservoirs of the Permian Basin, some previous studies
suggest that meteoric recharge to these reservoirs has occurred in and
around the Guadalupe Mountains (Figs. 1, 4) and may be the source of
meteoric waters in the same aquifers found further east into the Basin
(Barnaby et al., 2004; Bein and Dutton, 1993; Stueber et al., 1998). How-
ever, more recent work in the Delaware Basin and Central Basin Platform
suggests that encroachment of meteoric waters from thewest is less spa-
tially extensive in Guadalupian and Leonardian reservoirs than previously
thought (Engle and Blondes, 2014). Hydrogeologic modeling of the Palo
Duro Basin (Senger and Fogg, 1987) suggests that inputs from the mete-
oric waters sourced in NewMexico are limited in their range and that the
majority of water which ﬂow into Guadalupian and Leonardian units is
through the relatively impermeable but expansive evaporite sequences.
This conceptual model is also consistent with the rather uniform inﬂux
of meteoric waters across the entire basin, rather than being limited to
the basin margins, and from observations of halite dissolution in several
areas (Hovorka, 1998).
Within the Permian Basin, potential for upward ﬂuid migration
through natural conduits related to hydraulic fracturing of the
Wolfcamp and “Cline” shales is minimal. Despite substantial over-
pressuring in tight oil reservoirs, large-scale under-pressuring in
Guadalupian reservoirs would greatly limit the potential for upward
ﬂow into shallower units, including drinking water reservoirs. In addi-
tion, ﬂuid migration away from a fractured well is limited to the rela-
tively short period between when the well is fractured (which is
completed at pressures far exceeding reservoir pressures) and when
thewell goes into production (well pressure is set below reservoir pres-
sure). However, this does not necessarily apply to potential transport of
Fig. 12. Histograms showing reservoir shut-in pressure gradients from hydrocarbon
reservoirs in Upton, Reagan, and Irion counties, Texas (Fig. 1).
Data taken from IHS Energy except for those for the Wolfcamp shale and a portion of the
Leonardian reservoirs (Friedrich and Monson, 2013).
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failures of infrastructure (Soeder et al., 2014; Vengosh et al., 2014).
5. Conclusions
Findings from this research examining formation waters in the east-
ern half of the Permian Basin suggest that during the Late Permian
(Guadalupian into Ochoan), inﬂux and mixing of evaporated seawater
led to the creation of a fairly homogenous, dense volume of water,
which is the original source of the evaporite minerals at the top of the
Paleozoic sequence. These dense bitterns sunk down into underlying
reservoirs, displacing the pre-existing ﬂuids. The brines appear to have
followed ﬂow paths through the carbonate platforms on the basinmar-
gins, ﬁlling in permeable units around less-permeable shales and
mudrocks, but were stopped above the Woodford Shale or other
Devonian-age aquitards. Sulfate reduction appears to have greatly in-
creased Ca/SO4 ratios in these brines, and thus is partially responsible
for their Ca–Cl-type composition. Sometime after smectite to illite con-
version, diffusion of the paleoseawater into shales, such as the “Cline”and Wolfcamp, produced water that is isotopically indistinguishable
from the source (O, H, and Sr isotopes) but has markedly lower salinity
and is enriched in alkalis relative to alkaline earth elements. Release of
NH4, Br, I, and isotopically light B from marine kerogen in the “Cline”
shale further modiﬁed the composition of the associated formation
water. In deeper reservoirs (below the Woodford Shale), relatively old
meteoric water was isolated from the overlying paleoseawater. We
suggest that these two separate hydrogeologic units (previously re-
ferred to as a single hydrogeologic unit: the Deep Basin Brine Aquifer
System) be split into the Deep Basin Brine Aquifer System and the un-
derlying Deep Basin Meteoric Aquifer System, with the Woodford
Shale acting as the assumed aquitard between them.
Uplift and tilting during the Laramide Orogeny and Basin and Range
extension, allowed for eastward ﬂow of formation waters in high per-
meability reservoirs and the development of associated under-
pressuring. This led to an inﬂux ofmeteoricwater possibly fromuplifted
areas in New Mexico, but also through the expansive and low-
permeability evaporites which currently cap the Paleozoic sequence.
Meteoric waters, reacting with the evaporites, produce a geochemically
distinct brine in Guadalupian and some of the Leonardian reservoirs. As
late as the Eocene, hydrocarbons reached maximum burial allowing for
over-pressuring in the shales. This over-pressuring appears to be verti-
cally limited in the current system, indicating that vertical ﬂuid ﬂow via
natural conduits away from the shales is constrained and would likely
be stopped at overlying and underlying under-pressured reservoirs.
The lack of hydraulic communication between meteoric waters in
Guadalupian reservoirs and the vestigial Late Permian seawater in the
Wolfcamp and “Cline” shales indicates there is little chance formeteoric
waters bringing inmicrobes to change the composition of the hydrocar-
bons in the source rocks, as has occurred in shallower units.
This effort shows that characterization of formationwaters from shale
reservoirs, particularly in comparison to those from non-shale units of
similar age, is a beneﬁcial tool for understanding paleoﬂuid ﬂow and ori-
gin within basins. Moreover, the examination of vertical salinity, chemi-
cal, isotopic, and pressure gradients are proxies for potential of ﬂuid
transport between reservoirs. Reservoir connectivity has implications
for both environmental impacts of unconventional hydrocarbon produc-
tion as well as understanding potential movement and inﬂux of
microbe-bearing meteoric water into source rocks. For these reasons,
studying vertical ﬂuid ﬂow in brackish aquifers which overlie hydrocar-
bon reservoirs is an area of researchwhichmay yieldmore decisive infor-
mation for upward ﬂuid potential, to complement data generated from
deeper basin brines. Given interest and concern over this topic, further re-
search on vertical ﬂuid ﬂow in basins is an important priority.
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